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Abstract 
 
Recent observations of MSE spectra carried out on Tore-Supra show discrepancies between experimental 
and theoretical intensities calculated at equilibrium. We present here a kinetic model, based on the 
selectivity of excitation cross sections of Stark states in the parabolic  basis. Redistribution due to ion-atom 
collisions among Stark states of level n=3 allow to calculate the population of Stark states. This model 
permits to improve significantly the agreement between measured and calculated MSE spectra. 
 
 
 
1. Introduction 
 
The Motional Stark Effect is a well established technique for measuring the direction of 
the magnetic field profile in magnetized plasma devices equipped with neutral beams. 
Polarimetry measurements of the direction of the linearly polarized pi and/or σ 
components have been used on different tokamaks [1,2,3] to obtain the magnetic field 
pitch angle and hence the safety factor or the current density profiles. Alternative analyses 
consist either in combining the polarization with other spectral information [4], or in 
exploiting the full observed spectra by a comparison to a theoretical line shape model 
including the main processes dominating the line formation. Discrepancies between the 
observed and calculated intensity ratios of pi and σ lines have however sometimes been 
observed [1]. In this work we analyze different phenomena which have to be taken into 
account for a precise evaluation of the spectra. For some beam or plasma conditions, the 
spectral line shapes may indeed be affected by population effects, and thus perhaps also 
the pi and σ ratio. We propose in the following a simple model for the excitation and 
collisional mechanisms populating the upper atomic level from which the observed 
radiation is emitted. Comparisons with spectra recently observed on the Tore-Supra 
tokamak will be discussed. 
 
 
 
 
 
 
2. Line formation of Hα in a Motional Stark Effect Experiment 
 
A motional Stark effect experiment uses the propagation of a typically 25-100 keV neutral 
hydrogen (or deuterium) beam injected in the plasma core. Beam neutrals are excited by 
collisions with the background plasma ions and electrons to higher levels whose de-
excitation leads in particular to the emission of the Balmer-α line. In a magnetically 
confined plasma, observed Balmer-α spectra exhibit a strong Stark effect resulting from 
the Lorentz electric field |E|=|vbeamxB| experienced by the beam particles in their own 
frame. A realistic analysis of the collisional and radiative processes populating the atomic 
levels has to be done by using atomic states modified by the Lorentz electric field. An 
adequate description of such atomic states is provided by the parabolic quantum numbers 
n1,n2,m describing accurately the hydrogen atom in an electric field for cases where fine 
structure effects are negligible [5]. Parabolic numbers satisfy n1≥0, n2≥0, and 
n=n1+n2+|m|+1 where n and m are the usual principal and magnetic quantum numbers. 
Using this parabolic representation, we will evaluate the collisional excitation rates of 
hydrogen atoms from the ground state n=1, to the different states of the upper level n=3 
from which the Balmer-α line is emitted. For this evaluation, we consider only collisions 
between beam neutrals and plasma ions [1], and we will assume that this excitation cross 
sections may be calculated in a first order Born approximation. We retain in our 
calculation the effect of the Lorentz field on the neutral, and consider that the dominant 
interaction is between the atomic dipole and the ion field. This model results in excitation 
cross sections which are proportional to the oscillator strengths of transitions between 
states of the ground and upper atomic levels. This means that the excitation rates are 
proportional to the intensities of the Stark transitions between the ground state n=1 and 
states of level n=3. It is well known that Stark transitions are strongly selective with 
regard to the value of the parabolic quantum number. If we look for instance to the 
excitation of the unshifted states (1,1,0) and (0,0,±2) of n=3, we find that the rates of their 
collisional excitation from the ground state are strictly equal to zero [1]. These states are 
thus only accessible by cascade from levels higher than n=3, or by a collisional 
redistribution: cf. figure 1. The rates of collisional redistribution between the states of 
level n=3 may be estimated by the following impact operator: 
 
 












=Φ
W
D
e
rr
m ρ
ρpi
ln.
v
N
3
4
2
rrh  (1) 
 
In this expression N and v are the ion density and relative velocity, r
r
is the position 
operator of the atomic electron expressed in atomic units while ρD and ρW are respectively 
the Debye length and a strong collision radius [6,7]. For tokamak plasmas, typical values 
of the coulomb logarithm )/ρln(ρ WD are ~10. The matrix elements of the operator r.r
rr
 may 
be expressed in parabolic coordinates [7] for the level n=3. Non zero matrix elements of 
this operator determine the dominant collisional coupling between states of the same level 
(n=3), and lead to a simple kinetic model for their populations. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Excitation and de-excitation processes of Stark states of level n=3. The populations Ni 
of these states are described in section 3. 
 
3. Kinetic modeling of the Stark state populations 
  
To illustrate the effect of state mixing by ion collisions on the intensities of the Hα 
components, let us consider the atomic system shown in figure 1. As levels n=3 and n=2 
split respectively into 5 and 3 distinct states (distinct energies) in the presence of an 
electric field, the Hα line splits into 15 components but only 9 have significant intensities 
to be observed: an unshifted σ0 component together with one σ and three pi components 
(pi2, pi3 and pi4) on its both sides [1]. Note that the system shown in figure 1 contains only 
the states involved in the blue shifted Stark components of Hα, the red shifted 
components being symmetric to the blue shifted ones.  
Let us for simplicity approximate the r.r
rr
 operator matrix elements in Eq. (1) by n
4 
with 
n=3. Then the non diagonal matrix elements of the collision operator Φ are all equal to a 
parameter γ for any couple of Stark states m),n,(n 21  and )m',n',(n' 21 . Consequently, the 
populations of the Stark states within level n=1 can be described by the following set of 
equations: 
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where the Ai’s represent the total spontaneous emission rates from the four states, while q1 
and q2 stand for excitation rates by ion collisions from the ground state (0,0,0), to the 
shifted states (2,0,0) and (1,0, ±1).  
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 According to this model, the state populations depend strongly on the mixing parameter γ 
which is linearly dependent on the ion density as: 
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Increasing the ion density (hence γ) results in a simultaneous  increase of unshifted state 
(i.e., states (1,1,0) and (0,0, ±2)) populations and a decrease of shifted state populations. 
This population transfer is shown in figure 2 which represents the populations as a 
function of a new parameter g=γ/A1 (A1 is the Einstein coefficient of state (2,0,0)). For 
sufficiently high ion densities (high g values), the population of each state reaches its 
statistical value. A vertical line indicates a g-value corresponding to Tore-Supra typical 
conditions, i.e., N~3.10
13
 cm
-3
 and a hydrogen beam energy of 50 keV. For this value of 
~3, the population redistribution by ion impacts is not complete and the statistical 
equilibrium is not reached.  It follows that for such plasma conditions, one expects 
discrepancies to occur between measured MSE intensity ratios and those calculated with a 
statistical distribution of the state populations within level n=3.  
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Figure 2. State populations Ni versus g. For Tore Supra conditions, populations are not 
statistically distributed. 
 
4. Results and discussion 
 
The profile shown in figure 3 has been calculated using state populations derived from 
the model. The profile is compared to a typical MSE spectrum measured in Tore Supra 
with a line of sight nearly parallel to the toroïdal magnetic field, the neutral beam being 
injected in the equatorial plane. We did not plot the blue shifted pi components, since they 
are blended with MSE contributions from the ½ and 1/3 energy components of the beam. 
On figure 3, the experimental spectrum (solid/) is compared to a profile calculated 
assuming a statistical equilibrium of the populations (dot/….), and a profile obtained with 
our model (dash/---). To understand the anomalously low σ0 intensity of the experimental 
profile compared to the theoretical value at equilibrium, we have explored several ways. 
The first one was a possible problem with the reflection on the mirror which can be 
selective with respect to polarization, but its calibration has shown that it can only induce 
a maximum error of 10% on intensity measurement. We have also checked for the 
existence of underlying impurity line which could have increased the pi component 
intensities. But the measured profile with and without neutral beam shows no evidence 
about the existence of such lines at the pi positions. At this stage, it remained the 
possibility of a non equilibrium population situation which we have treated with a simple 
kinetic model. Our kinetic model helped us to understand why the measured intensities of 
MSE σ components (in Tore-Supra) are lower than the expected values at statistical 
equilibrium. The progresses in understanding the intensities of the experimental MSE 
spectra are encouraging and stimulating further work. To improve the model, the next step 
is to do more accurate calculations of collisional rate coefficients and to make a more 
complete collisional-radiative model including energy levels higher than n=3. 
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Figure 3. Fit of a Tore-Supra Hα MSE spectrum with a profile calculated with non statistical 
populations of level n=3. 
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